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Transmission Principles 


• Long distance transmission 
enables diversity, diversity lowers 
the cost of maintaining planning 
reserves. 

• Optimal use of generating 
resources lowers costs for rate 
payers. 

• Lower costs and shared risk make 
it easier to maintain reliability. 



Prevention of power failures— 
The FPC report of 1967 

Power demand in the U.S. is increasing at 

the rate of a geometric progression. Interconnections now cover 

vast geographic regional areas; hence , reliability of the 

bulk power supply system is the key criterion for 

the uninterrupted flow of electric energy 

Gordon D. Fried!under staff Writer 


Twenty months after the Northeast blackout of 
November 9-10, 1965, the Federal Power Commis- 
n issued its three-volume report calling for the co¬ 
ated planning and operation of hulk power supply 
s to ensure maximum possible reliability and 
ntion of future cascading tripouts and 
cr failures. These and related guidelines 
' 34 recommendations. As would be 
°r industry, after evaluating this 
may have some disparate reac- 
'f these reactions by three 
fca federal system—is 


various Task Groups on the Northeast power interrup¬ 
tion of 1965 and subsequent outages that affected inter¬ 
connected systems. 

Significantly, the Advisory Committee and the Task 
Groups were composed of prominent electrical engineers 
and systems engineers, drawn from public and private 
utilities, a university, a state commission, and the manu¬ 
facturers. Thus a cross section of power engineering 
practitioners and educators participated in the careful 
studies, investigations, and exhaustive legwork that went 
into the drafting of this important treatise. 

Many improvements made—more needed 

During the past two years, federal, state, and 
agencies—and private industry—have respo- ’ 
moating a number of the 


https://ieeexplore.ieee.org/document/5214771/ 
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Great Engineering 
Schools 


"The industry should make young 
people cognizant of the full 
challenge of modern power systems 
engineering. Utilities should work 
more closely with educational 
institutions to develop and sponsor 
appropriate research..." FPC, 1967 























Early 

Computer 

Models 




"Digital computers and 
sophisticated computer 
programs now make 
practicable the study of large 
interconnections, and permit 
extensive analyses that were 
impossible only a few years 
ago " FPC, 1967 
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Regional Coordination 


"Strong regional organizations 
should be established for the 
coordination of planning, 
construction, operation, and 
maintenance of individual bulk 
power supply systems" FPC, 
1967 
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The US and 
Canadian Power 
Systems are 
Massive 
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If the value looked that good back 
then 


What about today? 
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It's Different 


This Time 









NWS Radar Mosaic 
0148 UTC 02/25/2007 























































Daily patterns drive 

demand and supply 


https://www.youtube.com/watch?v=hVymyJ9q5aO 



Energy Needs and Supply 
Change with the Seasons 



https://svs.gsfc.nasa.gov/4452 




• Parallel computing 
environments, 
complex algorithms, 
and artificial 
intelligence offer new 
capabilities. 

• 100,000 node 
transmission models 
can be simulated for 
an entire year, in a 
single day. 

• The dawn of Exa- 
scale computing 


Unimaginable Computation 















Wind 


Solar PV 


The single largest 
source of renewable 
energy capacity in 
the US 


The fastest growing 
renewable energy 
resource 



HVDC HVAC 


Controllable, directional, 
electricity transmission, 
with large scale 
deployment worldwide 


The backbone of 
existing American 
Transmission 


NREL | 25 












US Transmission System and B2B HVDCTies 
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An opportunity to 
design for the 
future. Current 
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How much 


Is there any 
potential 
value in 
making them 
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How much 


Could the 
rest of the 
network 
handle 
bigger 

connections? 


Is there any 
potential 
value in 
making them 







































Top 5 Quotes from 9f years of 
National "ransmission Planning 
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CHICAGO SUNDAY 


TRIBUNE OFFERS 
HYDRO-ELECTRIC 
SYSTEM FOR U. S. 


Making Rivers Work Together 


pti we ! and the prim a 
against the cost of 
system—that la alL 


Would Hitch Seasons to 
All Industries. 



Frank Q. Baum of 8a 
one of the engineers responsible for 
the development of superpower Bscs 
In California, has sketched tn 
erable detail a proposed national 
mission system to connect up sealer 
power and steam generating plants = 
from coast to coast. Bueh plans coo- j 
template Interchange of power over 
220.000 volt power lines, sneh as are : 
now coming Into aae in California. a> 1 
though It may be necessary to build 
lines tip to SSO.OOO volt capacity to 
make the water power of the Sierras 
available to the prairie statea 


This chart shows how hood waters in different water sheds occur in , Aa far as Thk Trihcns^ 1- 

. _. . . . .. . . . c r _ tlons have gone. It appears that the 



Tbs unique ec o nomy of _ 

nental system will come from tbs v*. 
latIon of tbs earth and Its Ineiinatlsa 
upon Us axia The great profckaa of 
the electric Industry today is the 
factor. Electrical engineers have m*4 
that tbs life of the industry is diver 
slty of load, which means a diversity 
of uses for electrical current to avstg 
the waste of capital, labor, and fbvi 
Involved In providing current to maet 
isolated peak demands, daily or sam 
ally. 

Att AB-Perf inning Giui 


"This is neither prophecy, propaganda, 


inspired by the prospect of transform- 


nor rhapsody, but the assured goal of the 


It Is probably unneee**arjr to n 
oat that the greatest diversity of } 

caa only be attained by a frnUu _ 

system, embracing all industrial 
lflerely to enumerate the aorta of j*. 
stalled purer that the hydro -fwtrta 
system will displace is to indicate the 
molttplicfty of new work to be fe¬ 
lt, sad Its distribute* * 
space and time. 

But the peak load caused by Che 
demand for lighting and the relate* 
power demand for electro r»J!a*j« 
and the commercial and iRduaOfci 
uses, associated with work dor * and* 
artificial light will bo profoundly rr*6- 
fled by the integration of the :ndta|yy 
I Into a continental sy*t*-m The kc 
! daily peak for all city electric •rwtemm. 
j which must be provided for by sde- 
lnvestment, comes about ft sr I 
: in winter evening*. wkm 
and stores are lighted up, mi 
wait systems call for ] 
to take the workers i 

factories are still running. 

Peak 1 


linked It will be profitable to develop 


*1 capacity of them all. because : y . 


OTTAWA KIVflL 
monthly flow for ISSi and IWt 


from alternating currents Is an alTirr- 
I ing prospect in the consideration of 


level. The southern streams begin to 
rise as freezing begins In the north. 


nental the system becomes the less, to dry bed. The estimate foots up 
variation there win be in the power j about 28.000,000 horse power. 


scientific and economic forces at work: 


On 


itlnen- 
■O.OOO - 
] more 
|s now 
and 


1 Jllf - 

- _ _ *4 AS 



i AngafS -....... . 

_ .. A.kAA 

Forty-eight yean* sMtUy mesa. 

for discussion here. Tub Tribusk’s 

September . 

--SS.4AS 

Janaary .. Si, SOS 

f conception of the continental power 


Chicago Tribune, 1923 


bllities revealed by Tub Tribitnbs 
I nvestigations are derived not so much 
from the nature and technique of 
hydro-electric generation aa from the 
additional productivity and distributive 
economies made possible by pooling its 
transmission on a thoroughly conti¬ 
nental scale. 

Power of Foot Rivera. 

How the linking of the rivers for 
power purposes will increase the horse 


Within the monthly periods shown in 
the tables of mean monthly discharges 
there are highly important variations 
and flood crests. The southern .streams, 
for Instance, are usually low in Au 
gust at a time when streams of the 
Pacific northwest aro often close to 
their maximum, but in August and 
Kept^mber the streams of the south 
Atlantic water sheds have a remark¬ 
able number of temporary floods from 
Heavy regional rains. 


stage that hinders navigation from 
tl-e gulf to the heart of the continent. 

Because of the vast surface of the 
lakes, such impounding and releasing 
operations would alter their level by 
only a few inches, while the mass of 
| water involved would mean additions 
J to power and effective enhancement of 
the flow of navigable streams. 


of government, states, and Individual 
engineers when assembled all tend to 
raise the estimates of water power 
available for the American people. 

More Rivers, More Power. 

The more streams that are consid¬ 
ered together, the higher the potential 
horse power becomes. In a limited ex¬ 
position of this sort It has been prac 
tical only to cite small scale, examples, 
but not only does the total amount of 


of the year and also because the snow 
and Ice of the northern water sheds 
and the higher altitudes melt after the 
floods come down in the lower altitudes 
and In the south. 

In addition to the seasonal peaks of 
the continental rivers, there are every 
year temporary flood peaks due to re¬ 
gional and local storms. Unforveen 
and impossible to forecast, it is never¬ 
theless a fact that these local vagar¬ 
ies in the mass have great power value. 

Iowa Records Valuable. 




For the smaller streams of Iowa this 
** diversity factor ” of their flood stages 
hits been determined to a considerable 
degree of exactitude, and the result 
has led one large electric corporation 
to embark on a campaign to encour¬ 
age the development of the smaller 
streams of that region cm the basis of 
thrtr flood capacity. 

The continental power system will, 
of course, receive the power generated 
from hundreds of small streams at 
thoir rw-akn and feed oower back to 


Every mile or 
built reduces the haulage of coal by 
railway, both in autumn and the year 
round. Power can now be delivered 
I for hundreds of miles at onc-h&lf of 
the freight charges on coal transported 
: for the manufacture of power. 

I A rough Idea of the power available 
I on this continent from the utilization 
i of the flood capacities of its streams 
may be obtained by approaching the 
problem through the variation from 
low to high water. From extreme low 
to peak the variation of most rivers 
is enormous. The Mississippi at Keo- 
j kuk goes from 20.000 cubic feet per 
second to 300.000, a ratio of 1 to 15. 
The ratio for the Connecticut is 1 to 
40, the Missouri 1 to 20. the Delaware 
1 to 175, the Merrimac. 1 to 09. 

The variation of rivers appears to 
range from the Niagara’s 1 to 2 up to 
the zero to thouaands ratio of some 
western “ streams." There are indi¬ 
cations that a general survey of North 
American streams may disclose a ratio 
of 1 to 25. But. assuming that this 


_terns1 

combustion motors, existing water 
power developments, windmills, and 
steam plants employed in public utili¬ 
ties, manufacture, mines, farming, 
electric traction, and steam locomo¬ 
tives. including all in reserve, retire¬ 
ment. and undergoing repairs. 

Mere enumeration of this Installed 
power is enough to show that the pow¬ 
er obtainable from a continental hydro¬ 
electric system will supply America 
now. and for some generations, if not 
forever. 

Stride Toward Efficiency 


to the four hour difference fa 
rom Halifax to Tacocn*. and the 
g length of the day which fiafe 
y folk in summer playing tag 
lifter New Orleans has uaam4 
through her brief subtropical ♦wm y w 
the evening peak will be flattened mm 
on a continental power system. 

The peak load will start in the zmrtk- 
east of the continent at Halifax 
and sweep south and west la atom 
waves ac ro aa to the Pacific and tka 
gulf. By the time San Francises tad 
New Orleans are calling for the mnay 
mum of power. New Tort’s xmis, 
have arrived at home. and Montreal 
has gone to bed. 

With a continental p a w ays***, 
power can be applied at any mocaau 
anywhere—power that travels IKjMft 
miles per second, moves itself. 
pays It own freight. 


PACIFIC STATES 
PLAN FIGHT ON 
PITTSBURGH PLUS 


floek rwaH ■ 


j While the proposed system will be 
able to deliver power in quantities now 
only imaginable, at far leas cost than 
i at present, its installation will reduce 
1 the amount of power required and lead 
to the more efficient use of that em 
[ ployed. 

Most of the 3.900,000 steam and elec¬ 
tric horsepower now installed in coal 
mines will be dispensed with. Hun¬ 
dreds of thousands of hardy workers 

will Inin Zither 


Colorado and other states of th« 
Mountain Pacific group are soon to en¬ 
ter the fight against "Pittsburgh pus * 
recently invigorated by concerted ac¬ 
tion in the middle west, according is 
announcement made yesterday at Salt 
lake City by J. W. CoverdaJe. ez*c_- 
tlve secretary of the American Farm 
Bureau federation. 

Oov. Mabev of Utah, as well as ch ef 
executives of other western state*, has 
already actively entered the fight. 
Mr. Coverdale declared. Other istti 
mentioned as vigorously opposing li* 
present practice under which steel 

































































COAL MAY PROVIDE 
POWER FOR WEST 


Reclamation Bureau Pictures 
Super Transmission System 
Operated by Steam Plants 






mil 


&&&£&&*& .* >> s <.v 


«>V' *>.' **•- 

• ‘.V. 




y * •.. •/ . 


ri ~ ~ •* *. • . *• ■.••*.• •?,./ - .:■• : 

I I v.!*••.* ’ •* ^ x *:•••:♦: > 1 : **.*:# ’£• I. 




MINN, 


Wy 0 . 


"Such a power sys 


Ivtah 


pictured the West's future cower* 


FT 


will inevitably come." 
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Bureau of Reclamation, 1952 


TEXAS 


west, and proposing- long range \ 
planning to fill them. 

Michael W Straus Reclamation 



Proposed 
transmission Im^s 










































































UNITED STATES GOVERNMENT 

Memorandum 


"The results to date indicate 



0 v** R J**/V, 
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• onniviui ri'wi* 

AOMINIil IAMON 


that if there are substantial benefits 


to east-west reclosure..." 


Western North American Power 


Bonneville Power Administration, 1979 
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generation control performance is briefly discussed, the study basically 
is limited to transient stability performance with 500 MW power transfer 
across the ties (both east to west and west to east). 












\NESlEPtS 

\ \ \ AREA POWER 
\ \ \ ADMINISTRATION 


"The systems as they exist today... 

are more robust than... 



the late 1960s and 1970s" 



WAPA, 1994 


[ST/WEST AC INTERTIE 
FEASIBILITY STUDY 






Discussion Time 


1) What is the biggest opportunity today? 

2) What challenges do you see to continental 
planning? 

3) What was the biggest obstacle to these visions? 
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Design 

1 

Existing B2B facilities are 
replaced at their current 
(2017) capacity level and new 
AC transmission and 
generation are co-optimized 
to minimize system wide 
costs. 
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Design 

2a 

Existing B2B facilities are 
replaced at a capacity rating 
that is co-optimized along 
with other investments in AC 
transmission and generation. 
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Design 

2b 

Three HVDC transmission 
segments are built between 
the Eastern and Western 
Interconnections and existing 
B2B facilities are co-optimized 
with other investments in AC 
transmission and generation. 
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Design 

3 

A national scale HVDC 
transmission network, Macro 
Grid, is built and other 
investments in AC 
transmission and generation. 
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Spatial and Temporal Scales of Reliability 
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Scale Separation Problems and Solutions 


Dynamic/Steady State 
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Bulk Power Focu 
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Scenarios, Data, Uncertainty 
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Unprecedented Resolu 
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Comprehensive Economic and 
Reliability Analysis 






CGT-Plan 

- Iowa State University 

- Capital and operating costs 2024- 
2038 

- Generation and transmission system 
for 2038 

PLEXOS 

- NREL 

- Operating costs 2038 

- Hourly unit commitment and 
economic dispatch 

PSSE 


Dynamic/Steady State Production Cost Planning 
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Nation 

State 

Metro 

Zip Code 

Feeder 

Devices 



Seconds 


Minutes 


Hours 


Years 


Decades 


- PNNL 


| Scenarios 
| Data 


- Develop a capability for future work 

- Preliminary analysis of AC power flow 
impacts 
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Integrated Data 





Solar resource 
Thermal generation 

Wind resource 

Load 

Hydro 

Transmission 
Fuel prices 


Consistent data between modeling 
domains 

- Wind 

• 2012 WIND Toolkit 

• https://www.nrel.gov/grid/wind- 

toolkit.html 

- Solar 

• 2012 NSRDB 

• https://nsrdb.nrel.gov/ 

- Transmission and Generation 

• WECC TEPPC 2024*-Western 
Interconnection 

• MMWG 2026-Eastern Interconnection 

- Load 

• 2012 FERC Form 714 and RTO websites 

NREL | 
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Wind Data 
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United States Wind Power Resource 

Wind Speed at / 00-meter Hub Height, 2012 
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About the Data 

The data shown are 
average wind speeds 
at a 10O-meter hub 
height for the year 
2012 derived from 
modeled resource 
estimates developed 
for the Wind Toolkit. 
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Billy J. Roberts, January 12,2017 
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Solar Data 
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Global Horizontal Solar Irradiance 

National Solar Radiation Database Physical Solar Model, 2012 


Washington 


Maine 


luperiof 


Montana 


North Dakota 


Minnesota 


Oregon 


Wisconsin 


South Dakota 


New York 


Wyoming 


Michigan 


Pennsylvania 


Nebraska 


Nevada 


Indiana 


Illinois 


West 

Virginia 


Virginia 


Kansas 


Missouri 


Kentucky 


North Carolina 


Oklahoma 


Arkansas 


South Carolina 


Georgia 


Alabama 


Mississippi 


Louisiana 


Florida 




About the Data kWh/mVDay 

This map provides ^ 6.5 

annualaveragedaily 6.0 to 6.4 

total solar resource 5.5 to 5.9 

using 2012 data 5.0 to 5.4 

over surface pixels 4-5 to 4.9 

covering 0.038-degree 4*0 t0 

latitude by 0.038- ^.5 to 3.9 

degree longitude 3.0 to 3.4 

(nominally 4 km 7 ).- < 

For more information, visit: 
https://nsiidb.nrel.gov 


v \ 

} \ 

JT 

lf 




^^7 0 150 300 Miles 



3NREL 


■ 

#! 

NATIONAL RENEWABLE ENERGY LABORATORY 

Billy J. Roberts, January 12,2017 


J 


45* 


40* 


35* 


25 * 




































• Given a defined resource adequacy constraint, how does the cost of meeting 
that constraint change as a function of the HVDC scenarios? 

• We setup a framework for security and stability analysis, but do not conduct 
comprehensive contingency and stability analysis. 

• Goal: Determine if there is significant economic value associated with these 
transmission futures. If there is significant value, then do economic, reliability 

and resiliency analysis. 
















Modeling Approach 
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What is an Expansion 
Planning Tool? 


Nation 


Planning 


• Conducted by ISU 

• Many names, similar general purpose 

• Used to determine the optimal build of generation and 
transmission to meet a defined objective function 

• Informs some Resource Adequacy questions 

• Sometimes used in concert with other tools 



• Creates expansion scenarios that are designed to meet the same 
Reliability/Resource Adequacy Metrics 

• Calculates investments and retirements for generation and 
transmission 
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CGT-Plan 


• Linear Program 

• Zonal Representation created using two reduction methods 

• High computational requirements require approximations 

• Simulates every two years of investments and retirements 
from 2026-2038 

• It is not a crystal ball 

• Assumes central planning, this is a shortcoming, and an 
optimal goal 
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Objective Function 


Identify investment & 
retirement decisions 
to MINIMIZE — 



NET 

PRESENT 

VALUE 


G&T Investment Costs 
+ Fixed O&M Costs 
+ Var O&M Costs 
+ Fuel Costs 
+ Reserve Costs 
+ Environmental Costs 


SUBJECT TO: 

Investment constraints 


Operational, planning, environmental constraints 


Year 1 


Year 2 


Year 15 


NREL | 60 

























Consumer level 
understanding of DERs 


1. Numer of Sample Points _ 

Less More 



2. Geographic Scale _ 

County State National 
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https://www.nrel.gov/analysis/dgen/ 
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Geospatial Analysis 
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Policy 

Environments 


The four conceptual transmission designs were 
studied under two different policy environments 


Current Policy 


Carbon Policy 
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TRC Requested Policy 
Assumptions 


Current Policy scenarios assume existing renewable portfolio 
standards as of 2017 


Carbon Policy scenarios assume a carbon tax that grows at a 
rate of $3/metric ton (C02) per year to a price of $40/metric 
ton by 2038 



Other Assumptions 


• North American Eastern and Western Interconnections 

• Retire generation based on economic performance 

• Run for 15 years, with 7 investment periods 

• Fuel cost forecasts according to AEO 2017 (med-gas) 

• Gen investment base costs & maturation rates from NREL ATB 2016 

• Transmission base costs according to EIPC/B&V 

• Gen & trans regional cost multipliers from EIPC/WECC 

• Use of 169 bus model (68 El, 101 Wl) 

• 4 regions: West, Northwest, Midwest, East 

• Wind uses 100-m tower CFs ~ 0.45-0.50 

• Gen capacity investment limited to 40GW/yr 

• Demand growth per NEEM & Wl (E3) per state 

• DG growth per AEO 2016, 3% per yr 

• New nuclear, offshore wind, geothermal, concentrating solar power, and carbon capture 
technologies were not studied 
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Modeling Approach 
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Production Cost Models 


Production 

Cost 


• Conducted by NREL 

• Simulate the unit commitment and economic 
dispatch of a power system 

• Approximate the daily operations of an IOU or 
RTO/ISO (Day ahead and Real Time) 


Nation 


State 


Metro 


Zip Code 


Feeder 


Devices 



Minutes Hours 




• Used to simulate an entire year of hourly operations 


• Calculates the cost of producing electricity 

• Linearized DC Power flow 
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Geographic 

Decomposition 


• Respects regional operating 
borders 

• Advanced computation 
methods solve in days, not 
years 

• Represents information 
asymmetries between 
operators 
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Production Cost 
Model: PLEXOS 


• Mixed Integer Program 

• Full nodal representation: 
98,000 

• First production cost model to 
simulate nodal Eastern and 
Western Interconnections at the 
same time 

• Every generator and every 
transmission line 



The Interconnections Seam Study (dl) 

03-05-2038 00:00 
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Steady State Analysis 


Nation 


• Conducted by PNNL 

• Steady state analysis of 2038 cases was not studied 

• Used to simulate probable contingencies 

• CGT-Plan and PLEXOS modeling were conducted 
with an eye towards enabling future work 

• If significant value is identified, subsequent analysis 
may be merited 


State 


Metro 


Zip Code 


Feeder 


Devices 










Discussion Time 


1) Is it clear how we are using the modeling tools in this study? 

2) Do you have any questions about the benefits and drawbacks of 
these tools? 

3) What are other ways we could use these tools (HPC) to answer 
transmission planning questions? 

4) What other value streams should we investigate? Resiliency? 


Here ar^ 
the results 
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Scenario D2b-Wind 


Scenario D2b - Transmission Expansion 
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Scenario D3 - Wind 


Scenario D3 - Transmission Expansion 
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Scenario D2a - Wind 


Scenario D2a - Transmission Expansion 
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Scenario D2b - Transmission Expansion 
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Installed Capacity (GW) 
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Expansion Overview 


• All cases imagine a future where it is feasible to build multi-region 
transmission 

• Design 1 is the only case without new HVDC and without new 
transmission across the Seam 

• The generation mix changes substantially in all cases 

• Results are known to be imperfect, yet informative 

• Substantial AC transmission is added in all cases 

• All cases meet the same Resource Adequacy target (15% planning 
reserve margin). Details here: https://iib.dr.iastate.edu/etd/i6i28/ 
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This is how those 


Designs Operated 













Generation (TWh) 


Annual Generatio 


• Current Policy 
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Curtailment 
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Generation (TWh) 
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Percent of Total 
Generation 


Current Policy Carbon Policy 



D1 D2a D2b D3 

D1 D2a D2b 

D3 

Fossil Fuel 

36% 36% 36% 36% 

26% 25% 25% 

25% 

Wind and Solar 

28% 29% 29% 29% 

38% 39% 39% 

39% 

C0 2 Free 

63% 63% 63% 64% 

73% 74% 74% 

73% 
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Generation Difference 


• Current Policy 
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Note smaller scale of the Current Policy plot 

Nuclear changes under Current Policy are an artifact of outage schedules. 
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Regional Generation Current Policy 


CAISO MWTG 


SPP MISO 


500 


S' 400 



120 



600 



1,000 



-Load 


■ Curtailment 
PV 
Wind 
Storage 
Other 
Gas CT 
Hydro 
Gas CC 
Biomass 
Coal 
Nuclear 


NREL | 90 














Regional Generation Carbon Policy 
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Variable Generation Curtailment 



Current Policy 

Carbon Policy 

D1 

15.6% 

13.6% 

D2a 

15.0% 

12.2% 

D2b 

15.0% 

12.2% 

D3 

13.9% 

13.5% 


► Curtailment is high and largely driven by congestion in both cases 

► AC transmission is similar across Current Policy scenario 

► D3 AC transmission expanded -40% more than other scenarios 
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Current 
Policy 
High VG 

• Low levels of carbon 
dioxide emissions 

• High curtailment 

• Low levels of CT use 
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Carbon 
Policy 
High VG 

• Very low levels of carbon 
dioxide emissions 

• Very high curtailment 

• Modest levels of CT use 
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The Interconnections Seam Study (D3) 

03-02-2038 00:00 
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The Interconnections Seam Study (d2a) 

08-06-2038 00:00 
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Takeaways 


Each design is Reliable from a Resource Adequacy perspective for the single year we studied. 


All load is met while respecting reserve and transmission constraints that approximate N-l. 


Increase transmission results in opportunities for expanded and more efficient capacity and energy markets. 


Increased cross seam transmission enables efficient energy sharing . 
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Total Costs 2024-2038 

(NPV $B) 


nr , n Change in Total non-Transmission Costs 
Change in Transmission Investment Costs 
Example, D1 vs D2a Current Policy: 4.01/3.19= 1.26 


Current Policy Carbon Policy 


ECONOMICS, NPV $B 

D1 

D2a 

Delta 

D2b 

Delta 

D3 

Delta 

D1 

D2a 

Delta 

D2b 

Delta 

D3 

Delta 

Line Investment Cost 

23.5 

26.69 

3.19 

31.5 

8 

37.7 

14.2 

61.21 

73.89 

12.68 

74.88 

13.67 

80.1 

18.89 

Generation Investment 
Cost 

493.6 

494.7 

1.1 

492.5 

-1.1 

494.2 

0.6 

704.03 

703.32 

-0.71 

696.99 

-7.04 

700.51 

-3.52 

Fuel Cost 

855.1 

852.7 

-2.4 

851.2 

-3.9 

845.6 

-9.5 

753.8 

738.98 

-14.82 

737.3 

-16.5 

736.12 

-17.68 

Fixed O&M Cost 

416.4 

415.6 

-0.8 

413.7 

-2.7 

413.8 

-2.6 

455.6 

450.2 

-5.4 

448.95 

-6.65 

450.23 

-5.37 

Variable O&M Cost 

81 

81.1 

0.1 

81.2 

0.2 

81.2 

0.2 

64.5 

63.9 

-0.6 

64.27 

-0.23 

64.39 

-0.11 

Carbon Cost 

0 

0 

0 

0 

0 

0 

0 

171.1 

164.2 

-6.9 

162.6 

-8.5 

162.5 

-8.6 

Regulation-Up Cost 

31.6 

30.97 

-0.63 

31.13 

-0.47 

30.02 

-1.58 

33.29 

31.63 

-1.66 

29.96 

-3.33 

26.63 

-6.66 

Regulation-Down Cost 

45.1 

44.2 

-0.9 

44.42 

-0.68 

42.85 

-2.26 

4.76 

4.52 

-0.24 

4.29 

-0.47 

3.81 

-0.95 

Contingency Cost 

23.9 

23.42 

-0.48 

23.54 

-0.36 

22.71 

-1.2 

24.41 

23.19 

-1.22 

21.97 

-2.44 

19.52 

-4.89 

Total Non-transmission 
Cost (Orange) 

1,947.00 1,943.00 

-4.01 

1,937.70 

-9.01 

1,930.00 

-16.34 

2,211.49 

2,179.94 

-31.55 

2,166.33 

-45.16 

2,163.71 

-47.78 

15-yr B/C Ratio 
(Orange/Green) 

1.26 


1.13 


1.15 


2.48 


3.3 


2.52 
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2038 Production Costs ($B) 


Current Policy Carbon Policy 


Type 

D1 

D2a 

D2b 

D3 

D1 

D2a 

D2b 

D3 

Emissions 

0 

0 

0 

0 

25.1 

23.6 

23.5 

23.9 

Fuel | 

70.3 

69.7 

69.5 

68.1 

61.5 

59.9 1 

59.8 

61.3 

Start & Shutdown 

2.8 

2.7 

2.7 

2.5 

2.7 

2.3 

2.2 

2.2 

VO&M 

6.5 

6.4 

6.4 | 

6.4 

4.9 

4.8 

4.8 

4.8 

Total 

79.6 

78.8 

78.5 

77 

94.1 

90.7 

90.3 

92.2 

Annual Savings 

- 

-0.8 

-1.1 

-2.5 

- 

-3.5 

-3.8 

-1.9 
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Benefits 


• All designs produce benefits that exceed 
costs. 

• Results should be viewed directionally, not 
definitively. 

• Comparisons are made to Dl, which includes 
significant AC expansion, but no cross seam 
expansion. 

• Full asset life is assumed to be 35 years, over 
the long run, the benefit may be significantly 
higher. 

• Not appropriate to assume 2038 savings will 
stay the same until retirement, they may 
increase or decrease depending on the rest 
of the system. 


Benefit-to-Cost Ratio 2024-2038 



Current Policy 

Carbon Policy 

Dl 

- 

- 

D2a 

1.26 

2.48 

D2b 

1.13 

3.3 

D3 

1.15 

2.52 


Production Cost Savings 2038 ($B) 


Current Policy 

Carbon Policy 

Dl 

- 

- 

D2a 

-0.8 

-3.5 

D2b 

-1.1 

-3.8 

D3 

-2.5 

-1.9 
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Areas for Improvement 


• Refine multi-model integration to remove modeling seams, e.g. 
capacity and network translation, and retirements. 

• Study more designs: no new transmission, synchronize systems, all of 
North America 


• Analyze multiple weather years of simulation to inform resilience to 
weather. 


• Conduct comprehensive stability and contingency analysis 


NREL | 102 



Findings 


• There is substantial value to increasing the transfer capability between the 
interconnections, status quo on the existing B2Bs is the least desirable. 

• Cross seam transmission has a substantial impact on the location, size, and 
type of wind and solar. 

- The "best" wind (Eastern Interconnection) and "best" solar (Western 
Interconnection). 


• Cross-seam transmission enables substantial energy & operating reserve 
sharing on diurnal and seasonal basis. 


Additional benefits (and costs) may exist, i.e. frequency response and 
resilience to extreme events. 
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Discussion Time 


• Next Steps: 

• Download the slide deck 

• Send your comments to: aaron.bloom@nrel.gov 

• Submit to Peer-reviewed Journal in 3 months or less. 


